Cholesterol-dependent cytolysins (CDCs) are secreted, pore-forming toxins that are associated with pathogenesis in a variety of gram-positive bacteria. Bacillus anthracis produces anthrolysin O (ALO), a CDC that is largely responsible for the hemolytic activity of culture supernates when the bacterium is cultured in appropriate conditions. B. cereus and B. thuringiensis, species closely related to B. anthracis, produce CDCs with significant amino acid sequence homology to ALO. Transcription of the B. cereus and B. thuringiensis CDC genes is controlled by PlcR, a transcription regulator that requires a pentapeptide derived from the papR gene product for binding to a consensus sequence (PlcR box) and transcriptional activation of downstream genes. A PlcR box precedes the B. anthracis alo gene, and the B. anthracis genome contains three plcR-like genes, one of which harbors a nonsense mutation that is predicted to result in a truncated, nonfunctional protein. We detected mRNA of alo, papR, and the three plcR-like genes in spleens of B. anthracis-infected mice, indicating gene expression in vivo. Analysis of alo transcription in batch culture revealed a potential transcription start located between the PlcR box and the translational start. Nevertheless, steady-state levels of alo transcripts and ALO protein were unaffected by deletion of papR or disruption of the PlcR box. Our data indicate that despite the presence of the transcriptionally active plcR and papR genes in B. anthracis and a PlcR box in the promoter region of the alo gene, alo expression is independent of this control system.
Cholesterol-dependent cytolysins (CDCs) are pore-forming toxins that are secreted by numerous species of gram-positive bacteria. CDC monomers bind to cholesterol present in eukaryotic cell membranes. Upon binding, the monomers oligomerize and create large pores in the cell membrane. CDCs have been reported to contribute to the virulence of a number of pathogens (21) . Bacillus anthracis, the causative agent of anthrax, produces anthrolysin O (ALO), a CDC that is secreted during growth in specific conditions during batch culture (28) .
A recent report by Park et al. (22) demonstrated that ALO is a Toll-like receptor 4 (TLR4) agonist. Apoptosis of bone marrow-derived macrophages (BMDMs) infected with an alo mutant is significantly reduced compared to apoptosis of BMDMs infected with the parent strain. Additionally, BMDMs treated with lethal toxin require the addition of recombinant ALO or B. anthracis culture supernate for an apoptotic response. These investigators also demonstrated that CDC family members known to play roles in virulence of other species induce TLR4 gene expression in BMDMs. It has been established that macrophage apoptosis requires activation through TLR4 (32) . Furthermore, TLR4-mediated macrophage apoptosis could allow pathogenic bacteria to avoid the host's innate immune system (15, 32) . Thus, the results implicate ALO as a potential virulence factor for B. anthracis.
Despite growing interest in ALO, little is known regarding alo gene expression by B. anthracis either during infection or during growth in batch culture. Shannon et al. demonstrated that the hemolytic activity of B. anthracis supernate required growth in rich media and was dependent on growth phase (28) . The CDC genes of B. cereus and B. thuringiensis, species closely related to B. anthracis, are members of plcR papR regulons (13, 14, 26) . In the current model for function of the transcriptional activator, PlcR, a pentapetide derived from cleavage of the papR gene product, is required for PlcR binding to a consensus sequence, the PlcR box, generally located 41 to 58 bp upstream from the transcriptional start site of the target gene (1, 30) . The alo gene of B. anthracis is preceded by sequences bearing similarity to the PlcR box, but some published reports have indicated that the plcR papR system may not function in B. anthracis (1, 20 (20) . Nevertheless, experiments directly assessing native plcR papR function in B. anthracis have not been reported. The potential role of alo in virulence prompted us to test for alo expression in vivo and to further examine regulation of the alo gene. In addition to the previously reported plcR, the B. anthracis genome harbors two plcR-like genes. We hypothesized that despite the sequence differences between the B. anthracis genes and those of the related species, one or more of the B. anthracis genes may contribute to expression of the alo gene in the native species background. Our data indicate that although all of these genes are expressed by B. anthracis grown in vivo and in vitro, the B. anthracis plcR papR system does not affect alo expression. 
Multicloning site of pGEMT-Easy M13r 5Ј-AGCGGATAACAATTTCAC-3Ј
a The listed DNA oligonucleotides were purchased from IDT (Coralville, IA). PE-Applied Biosystems PCR system 9700 (Norwalk, CT) was used to perform the PCR.
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on June 26, 2017 by guest http://jb.asm.org/ harvested 48 h after intratracheal inoculation with UT500 spores by methods described previously (12) . RT-PCR. alo transcript levels were compared using a semiquantitative reverse transcriptase PCR (RT-PCR) protocol described previously (28) . Reverse transcriptase reactions were performed using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA) and 240 ng random primers (Invitrogen) as described in the protocols of the manufacturers. Oligonucleotide primers were as shown in Table 2 .
Primer extension reactions. 5Ј-end mapping of the alo message was carried out using primer extension analysis as described previously (3) . Briefly, primer CR16 (5Ј-AATATTCAGAAAAATCACCCC-3Ј), corresponding to sequences 17 bases downstream from the translational start site of alo, was labeled using [␥-
32 P]ATP and T4 polynucleotide kinase (Invitrogen, Carlsbad, CA). In separate experiments, 10 g of RNA was hybridized to an oligonucleotide primer and extended at 50°C using SuperScript III reverse transcriptase (Invitrogen). Sequencing of the 5Ј ends of the alo gene by use of the same oligonucleotide, CR16, was carried out using an fmol DNA cycle sequencing system (Promega, Madison, WI). Products obtained from the primer extension and sequencing reaction were electrophoresed on 0.5% Tris-borate-EDTA-6% polyacrylamide-urea gels.
Western hybridization. Samples of culture supernates were concentrated using Microcon centrifugal filter devices from Millipore (Bedford, MA) prior to electrophoresis on sodium dodecyl sulfide-polyacrylamide gels. Proteins were transferred to nitrocellulose membranes and probed with rabbit anti-ALO serum kindly provided by R. Rest of Drexel University. Goat anti-rabbit immunoglobulin G-horseradish peroxidase from Bio-Rad (Hercules, CA) was used in conjunction with an ECL Plus Western blotting detection system (Amersham, Piscataway, NJ) to detect and visualize cross-reacting material.
Site-directed mutagenesis. A QuickChange site-directed mutagenesis kit (Stratagene La Jolla, CA) was used to create plasmid pUTE673. Primers CR89 and CR90 (Table 2) anneal to opposite strands of vector pUTE674 and contain the desired point mutations. The primers are extended in a 12-cycle PCR program using PfuTurbo (Stratagene, La Jolla, CA), the high-fidelity DNA polymerase. The PCR product containing the newly generated plasmid pUTE673 was treated with DpnI (New England Biolabs, Beverly, MA), a restriction enzyme specific for methylated DNA. E. coli TG1 was transformed with 2 l of the DpnI-treated PCR product. Plasmids from erythromycin-resistant transformants were extracted using a Promega Miniprep kit (Madison, WI) and sequenced using primer CR16.
RESULTS
alo expression in vivo. Compared to the results seen with CDCs of other species, the level of synthesis of ALO by B. anthracis is relatively low when the bacterium is cultured in laboratory media (13, 20, 28) . In vivo expression has not been assessed. Considering that CDCs of numerous bacterial pathogens have been reported to play roles in pathogenesis (21), we tested for alo expression during infection in a murine model for inhalation anthrax. Previous studies employing this intratracheal infection model indicated that spleens of infected mice contain vegetative B. anthracis cells as early as 24 h postinfection (12) . We isolated RNA from the spleen of a mouse 48 h after infection with spores of the virulent B. anthracis strain UT500. The RNA was used as a template in RT-PCRs with primers specific for the alo gene. As shown in Fig. 1 , alo transcript was present in the mRNA extracted from the mouse spleen, indicating that alo is expressed during infection.
alo transcript analysis. CDC gene expression in some pathogens is tightly controlled by trans-acting regulatory proteins that bind specific sequences upstream of the CDC coding sequence (6, 11) . It was noted previously that a 14-bp palindromic sequence that matches the consensus sequence, TAT GNAN 4 TNCATA, for binding of the transcriptional activator PlcR was located upstream of the predicted translational start site of alo (20, 26, 28) . Moreover, there is no apparent recognition sequence for the housekeeping sigma factor A or any other sigma factor in the Ϫ35 region upstream from the alo coding region (26, 28) . We used primer extension analysis to map the 5Ј ends of the alo transcripts in cells grown in batch culture. RNA was extracted from cells grown in BHI broth at 37°C, optimal conditions for alo expression during exponential and stationary growth phases (28) . As shown in Fig. 2A , a major band representing RNA with a 5Ј end mapping 178 nt upstream of the alo translational start was apparent. Interestingly, this site is 52 nt downstream from the putative PlcR box in the alo promoter region (Fig. 2B) . In addition, the intensity of the 5Ј end is much greater in stationary phase samples than in samples taken from exponential phase, indicating a greater abundance of this transcript during stationary phase growth.
plcR papR-independent alo expression. Considering the location of the major apparent start site for alo transcription, we wanted to determine whether this transcript was affected by plcR papR in B. anthracis. The B. anthracis genome harbors 58 putative PlcR-binding motifs (26) . It has been reported that the low-level expression of these genes is due to the lack of a functional plcR gene product in B. anthracis (1, 20) . The 858-nt B. anthracis plcR gene bears a nonsense mutation at nt 640 that is predicted to result in a truncated protein (1) . However, the function of the B. anthracis plcR papR system has not been tested directly in B. anthracis.
Analysis of the B. anthracis genome revealed that in addition to the plcR gene first reported by Lereclus and coworkers (18) and referred to here as plcR1, two other genes predicted to encode proteins with similarity to PlcR, plcR2 (YP_027352) (26) and plcR3 (YP_027872), are located on the B. anthracis chromosome. As shown in Fig. 3 , the predicted amino acid sequences of the B. anthracis proteins share significant amino acid sequence identity with those of the PlcR proteins of B. cereus and B. thuringiensis. Although the B. anthracis PlcR1 sequence is very similar to the PlcR sequences of the B. cereus and B. thuringiensis proteins (70% identity-4% similarity and 66% identity-8% similarity, respectively), the B. anthracis protein is predicted to lack the 72 carboxy-terminal amino acids of the B. cereus and B. thuringiensis proteins (1) Fig. 4 , RNA extracted from the spleen of a mouse infected intratracheally with B. anthracis spores contained transcripts corresponding to plcR1, plcR2, plcR3, and papR. Using the RT-PCR and the same primers, we also detected transcript from each of these genes in RNA obtained from B. anthracis grown in batch culture in conditions optimal for alo expression (data not shown).
We reasoned that one or more of the B. anthracis plcR genes may encode a protein that functions with the PapR peptide to activate expression of B. anthracis genes preceded by a PlcR box. To determine whether a B. anthracis plcR papR system analogous to those of B. cereus and B. thuringiensis functions to control the alo gene, we created a B. anthracis papR-null mutant by replacing the papR coding sequences with an ⍀ cassette and compared the steady-state levels of alo mRNA and ALO protein produced by the parent and mutant strains. We found no differences in the steady-state levels of alo mRNA (Fig. 5A) We also assessed the effect of the putative PlcR box on alo expression. We cloned the alo locus into a low-copy-number plasmid and used site-directed mutagenesis to alter nucleotides within the PlcR box, as shown in Fig. 6A . Within the consensus sequence, five nucleotides were changed from adenine or thymine to guanine or cytosine. The positions of the mutations disrupted the palindromic sequence of the PlcR box. The plasmid containing the altered PlcR box was introduced into B. anthracis strain UT231, from which the alo coding region is deleted. UT231 was also electroporated with the plasmid harboring the unaltered PlcR box sequence. Comparison of steady-state levels of ALO protein in the supernates of the two cultures revealed that disruption of the PlcR box did not affect ALO synthesis (Fig. 6B) . Taken together, our data indicate that alo expression in B. anthracis is dependent neither upon the presence of papR nor upon the presence of a PlcR box.
DISCUSSION
Anthrolysin O is a cholesterol-dependent cytolysin of B. anthracis that is of interest in light of recent studies indicating that this protein may have a role in apoptosis of infected macrophages (22) . Previous reports have indicated relatively low expression of the alo gene when B. anthracis is cultured in laboratory media, and investigators have noted the apparent absence of PlcR, a functional activator of alo transcription (1, 20) . In studies reported here we determined that the alo gene is expressed in the spleen of mice with inhalation anthrax and, for the first time, assessed function of the putative plcR papR system of B. anthracis. We found that despite the presence of a major alo transcript initiating downstream from a well-conserved plcR box, alo expression is not regulated by the plcR papR system when B. anthracis is grown in batch culture. We tested for function of the native plcR papR system in B. anthracis, because other investigations providing insight into this regulatory system have focused on plcR papR function in heterologous hosts. By use of a transcriptional fusion of plcA, the B. thuringiensis phosphatidylinositol-specific phospholipase C gene, as a reporter, Agaisse and coworkers (1, 18) (20) , the presence of the B. cereus plcR and papR genes in trans did not enhance the protease, lecithinase, or hemolytic activities of B. anthracis (24) . Curiously, Pomerantsev and coworkers later demonstrated that a PlcR-PapR fusion protein from B. cereus origin induced hemolytic activity, most likely that of ALO, when cloned into B. anthracis (25) . These results emphasize the importance of species-specific factors for plcR papR function and indicate important genetic differences between B. cereus and B. anthracis.
Although the plcR papR system appears to be limited to members of the B. cereus group species, expression of CDC homologues in other gram-positive pathogens is also subject to control by trans-acting regulators. Listeriolysin O encoded by the hly gene, as well as several other L. monocytogenes virulence factors, is regulated at the transcriptional level by the PrfA protein (8) . PrfA-mediated gene activation requires binding of PrfA to a 14-bp palindromic sequence located in the promoter of target genes (6) . Clostridium perfringens regulates expression of perfringolysin O (encoded by pfoA), as well as many other secreted toxins and enzymes, through a two-component signal transduction system comprised of the response regulator VirR and the histidine kinase VirS (4, 29) . Activated VirR recognizes and binds to imperfect direct repeats known as VirR box 1 and VirR box 2 located in the pfoA promoter region (11) . Expression of pfoA requires both VirR boxes and a functional VirS-VirR two-component system (10).
Overall, we found no evidence for regulation of alo in B. anthracis by its native plcR papR system when the bacterium is grown in optimal conditions for alo expression in batch culture. We note that the function of the B. anthracis plcR papR system has not been assessed during growth of B. anthracis in an animal model. If control of the anthrolysin O synthesis is important for B. anthracis virulence, it is possible that the plcR papR system functions in vivo. Alternatively, alo expression may be regulated by a plcR papR-independent mechanism. Experiments addressing temporal and spatial expression alo in B. anthracis-infected animals are under way and may reveal alternative mechanisms for alo regulation.
